Rickettsia prowazeki will adsorb to ghosts derived from sheep erythrocytes by hypotonic lysis. Adsorption to ghosts, as to intact erythrocytes, is dependent on the metabolism of the rickettsiae. KCN and 0 C inhibit adsorption. Fluoride, while inhibiting hemolysis, has no effect on adsorption to ghosts or intact erythrocytes. The adsorption of rickettsiae to ghosts does not lead to lysis, in that fluorescent albumin can be retained by the ghost after adsorption. Both inside-out and right-side-out vesicles formed from the ghost are equally capable of adsorption, indicating that the receptor is stable during the process of vesiculation and is not localized to one aspect of the cell membrane. Adsorption to ghosts is slower and displays less affinity than to the intact erythrocyte. The ghost system will be useful in characterizing the membrane receptor for rickettsia and in establishing assays for adsorption to other cells.
The hemolysis of erythrocytes by typhus rickettsiae has many of the properties associated with the penetration of a host cell and the establishment of a productive infection (3, (7) (8) (9) 11) . Consequently, rickettsial hemolysis can be visualized as an abortive attempt to parasitize an incompatible host cell and may serve as an excellent model system for the study of the early events in the invasion of a competent host cell.
The first step in the hemolysis of sheep erythrocytes by typhus rickettsiae is an adsorption process (8, 9) . Adsorption, unlike the overall hemolytic phenomenon, is independent of the metabolism of the erythrocyte. However, it is highly dependent on rickettsial metabolism and will occur neither at 0 C nor in the presence of metabolic inhibitors. These observations serve as definition of the rickettsial adsorption process and are the background for the present investigation. This investigation demonstrates the adsorption of rickettsiae to erythrocyte ghosts formed by hypotonic lysis of sheep erythrocytes. These ghosts are devoid of hemoglobin and energy-generating cytoplasmic enzymes and hence provide an easy first step purification of a membrane which contains the receptor site. Furthermore, they serve as a model to develop the methodology to study the adsorption of rickettsiae to host cells.
MATERIALS AND METHODS
Rickettsial preparation and growth. R. prowazeki, Madrid E strain, was propagated in 6-day embryonated, antibiotic-free hen eggs by inoculation with 0.2 ml of a 10-5 dilution of a seed pool. The seed pool was prepared from lyophilized material (yolk sac passage no. 272). Inf'ected yolk sacs were harvested 8 to 9 days postinoculation and stained for rickettsiae by the method of' Gimenez (5) . Rickettsial suspensions were prepared from heavily inf'ected yolk sacs. The purification procedure was carried out at 4 C by a modification of the methods of' Bovarnick and Snyder (2) , Winkler (11) , and Wisseman et al. previously described (12) . Only fresh rickettsial material was used since other investigators had shown that a freeze-thaw procedure had adverse effects on rickettsial hemolytic activity (9) .
The diluent for the rickettsial inoculum and rickettsial suspension in the purif'ication procedure was a sucrose-phosphate-glutamate (SPG) solution originally devised by Bovarnick et al. (1) . The diluent for the sheep erythrocytes was SPGMg, containing 0.01 M MgCl2 in the SPG.
Hemolytic assay The hemolysis tests used are modifications of the method of Snyder et al. (9) as previously described (11) .
Preparation of erythrocyte ghosts. Procedure is essentially that of Dodge et al. (4) . Sheep erythrocytes in Alsever solution were washed three times with sodium phosphate buffer (310 ideal mosM, pH 7.4) and resuspended to 50% in this buffer. These cells were lysed in 14 volumes of dilute sodium phosphate buffer (20 ideal mosM, pH 7.4). The resulting ghosts were sedimented at 27.000 x g for 20 min. Pink ghosts were washed once in isotonic medium and white ghosts thrice in 20 ideal mosM phosphate buffer. The small white button in the pellet that could not easilv be resuspended was discarded. The final resuspension of ghosts was gently homogenized. All procedures were executed at 0 to 4 C. The concentration of ghosts is expressed as a percentage of the original packed cell volume of the erythrocytes; i.e., if 4 ml of ghosts were derived from 1 ml of packed erythrocytes, the suspension would be referred to as 25%. 1244
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Receptor assay. The receptor activity of ghosts, that is, their ability to adsorb rickettsiae, was assayed by combining 1 volume of rickettsiae (usually at 80%, i.e., 0.8 g of original yolk sac equivalents per ml) with 2 volumes of ghosts, allowing time for adsorption and then assaying unadsorbed rickettsiae with intact erythrocytes (see Fig. 1 and Results). Vesicles derived from ghosts were assayed at equivalent concentration in the same way as the ghosts. After the indicated time and temperature, 0.2 ml of this suspension of ghosts plus rickettsiae was added to 0.4 ml of erythrocytes (12.5%) and incubated for 90 min at 34 C. The degree of hemolysis (inversely proportional to adsorption to the ghosts) was then determined as described above. SPGMg was used as the medium throughout.
The phytohemagglutinin (PHA) (Difco) assay differs from the standard assay above in that following the incubation of ghosts plus rickettsiae, the suspension was cooled to 0 C and 10 ml per ml of standard rehydrated PHA was added and the incubation was continued at 0 C for 30 min (Fig. 1) . This suspension was then centrifuged at 455 x g for 7 min to sediment the ghost and ghost-rickettsia complexes while leaving the unadsorbed rickettsiae in the supernatant fluid. A portion (0.2 ml ) of the supernatant fluid was added to 0.4 ml of erythrocytes and the hemolytic activity was determined. PHA does not interfere with the hemolytic assay.
Preparation of FITC-BSA and loaded ghosts. Fluorescein isothiocyanate-labeled bovine serum albumin (FITC-BSA) was prepared by adding 80 mg of FITC (isomer I, Bio-Quest, Inc.) to 2 g of BSA (fraction V, Sigma Chemical Co.) in 80 ml of tris(hydroxymethyl)aminomethane buffer (1.0 M, pH 9.5). Stirring was continued for 1 h at room temperature, maintaining the pH at 9.5. The solution was then dialyzed against tap water at 4 C for several days, frozen, and stored at -20 C until used.
Ghosts were loaded with FITC-BSA by using the following solutions: 20F, sodium phosphate buffer (20 ideal mosM, pH 7.4) (6) were washed thrice by centrifuging at 27,000 x g for 20 min and resuspended in hypotonic buffer. The washed ghosts were then resuspended in a very dilute sodium phosphate buffer (2 ideal mosM, pH 8) at a concentration equivalent to a 1:30 dilution of the original erythrocyte pellet. To one-half of this suspension, 0.1 M MgCl2 was added to give a final Mg2+ concentration of 10-M. The ghosts without Mg2+ will bud-in to form inside-out, reversed vesicles, whereas those with Mg2+ will bud-out to form right-side-out, normal vesicles (6) . The suspensions were forced through a 27-gauge needle to complete vesicle formation and centrifuged at 100,000 x g for 60 min. A portion was resuspended in NaCl (0.15 M) plus MgCl2 (1 mM) for sialic acid accessibility assays (see below). Another portion was resuspended in SPGMg for receptor assays, and a third portion was placed on a discontinuous gradient of Dextran-TllO (Pharmacia, Inc.) (density 1.01 to 1.07 in seven steps) and centrifuged at 200,000 x g for 14 h. Two visible bands formed on the dextran gradient from each type of suspension. The lighter band from each (density 1.02 to 1.03) was removed, diluted with 2 mosM phosphate buffer to lower the dextran concentration, and centrifuged at 200,000 x g for 1 h. The pellets were resuspended in NaClMg or SPGMg for sialic acid accessibility and receptor assays, respectively.
Sialic VOL. 11, 1975 leased from the vesicles by sialidase was assayed by the periodate-thiobarbituric acid method (10) . Vesicles (0.3 ml of 200%) in isotonic NaCl with or without the nonionic detergent Triton X-100 (0.25%) were incubated with sialidase (Sigma Chemical Co.; 0.1 ml of 1 U/ml solution) for 60 min at 34 C. The N-acetyl neuraminic acid released in the presence of Triton was taken as the value obtainable if sialidase had full access to both sides of the membrane.
RESULTS
Adsorption of rickettsiae to ghosts. The presence of suitable receptors on the ghost membrane for the attachment of rickettsiae can be demonstrated by a "back-titration" with intact erythrocytes of the free rickettsiae remaining after adsorption of rickettsiae to ghosts. As shown in the schema in Fig. 1 , ghosts and rickettsiae are incubated under conditions to permit adsorption, e.g., 34 C in SPGMg. Controls are incubated under conditions that will not allow adsorption, e.g., 0 C or no ghosts. These conditions are based on our knowledge of the requirements for adsorption to erythrocytes (7, 8, 11) . The rickettsiae, once adsorbed to ghosts, are unable to adsorb to erythrocytes even under permissive conditions. Therefore, after the addition of erythrocytes, less lysis will be observed following an incubation of ghosts and rickettsiae at 34 C than if the incubation with ghosts had taken place at 0 C. This procedure is the standard assay.
Other tests of the properties of adsorption to ghosts consists of incubation of KCN-poisoned rickettsiae with ghosts at 34 C. Under these conditions there is no adsorption of rickettsiae to intact erythrocytes (9, 11) . Unadsorbed rickettsiae can be assayed by incubating them with intact erythrocytes in the presence of adenosine 5'-triphosphate (1 mM) to supply energy (11) . Again any rickettsiae adsorbed to ghosts will be unable to lyse the erythrocytes during second incubation. Table 1 shows the results of such experiments. After incubation at 0 C there is a slight and variable lowering of the final hemolytic activity. This indicates that some adsorption to ghosts is occurring in the 0 C protocol. (In the intact erythrocytes system no adsorption at 0 C could be demonstrated [8] .) However, after a 34 C incubation with ghosts, more than half of the rickettsiae have adsorbed to the ghosts and, hence, are unable to lyse the erythrocytes in the second incubation. The adsorption of rickettsiae by pink ghosts, those which have not been washed extensively to remove residual hemoglobin, is the same as white ghosts. In the presence of KCN (1 mM), the rickettsiae are unable to adsorb to the ghosts as evidenced by the same hemolytic activity in the no-ghost KCN control. This value is less than that in the absence of KCN and adenosine 5'-triphosphate because adenosine 5'-triphosphate inhibits as well as restores hemolysis (11) .
In our work with intact erythrocytes, we demonstrated the adsorption of rickettsiae by measuring the disappearance of rickettsial hemolytic activity from the supernatant fluid of a suspension of rickettsiae and erythrocytes which had been centrifuged to sediment the erythrocytes and erythrocyte-rickettsiae complexes, while leaving unadsorbed rickettsiae in the supernatant fluid (8, 9, 11) . Attempts to perform similar experiments with the ghostrickettsia system are frustrated by the fact that the forces necessary for the sedimentation of the ghost-rickettsia complex overlap with those needed for rickettsiae or ghosts alone. Therefore, the plant lectin PHA was added to agglutinate the ghosts and ghost-rickettsia complexes which could then be sedimented at low gravity forces, leaving the unadsorbed rickettsiae in the supernatant fluid (Fig. 1) . A comparison of the standard assay and the PHA assay is shown in Table 2 . In these experiments, after incubation of the ghosts and rickettsiae at the indicated temperatures for 30 min, a portion was added to erythrocytes for the standard assay, the remaining mixture was cooled to 0 C, and PHA was added and incubated at 0 C for 30 min. Aliquots of this suspension or of the supematant fluid after centrifugation were added to intact erythrocytes to determine hemolytic activity. The assays are in good agreement and analogous to the adsorption properties of rickettsiae and intact erythrocytes ( Table  2) .
Effect of ghost concentration and time of incubation. Figure 2 shows receptors since similar maximal levels of adsorption are found with 20 or 80% rickettsiae. It appears that not all the rickettsiae are able to adsorb to ghost receptors, even when they are in excess, under these conditions. Similar results were obtained with the PHA assay of ghost receptors. Figure 3 shows the time course for adsorption determined by incubation of the ghosts with rickettsiae. The 0-min intercept in Fig. 3 represents the adsorption observed at 0 C. These data point out that the ghosts are less efficient adsorbents than the intact erythrocytes in which we have found that at a 25% erythrocyte concentration essentially all of the rickettsiae are adsorbed within 10 min (8). This inefficiency, or lack of affinity, is also evidenced in experiments (data not shown) in which rickettsiae are added to erythrocyte with and without ghosts. Under these conditions the rate and extent of hemolysis is the same whether the ghosts are present or not, indicating preferential adsorption to the erythrocyte.
Time of incubation with erythrocytes. The effect of various periods of incubation with erythrocytes after a 30-min incubation of ghosts plus rickettsiae is shown in Fig. 4 incubation with ghosts is linear, unlike the hyperbolic rate observed with the original rickettsiae. As a consequence, the calculated percentage of adsorption is greatest if a brief period of hemolysis is used. However, the low spectrophotometer reading obtained makes a brief' hemolytic period more subject to errors and our usual incubations have been 60 or 90 min. The reason for these different kinetics is probably due to heterogeneity in the original rickettsial population. Heterogeneity was also indicated in Fig. 2 where adsorption was not complete. It is postulated that the most active rickettsiae preferentially adsorb to the ghosts and that it is these most active rickettsiae that were responsible, in the absence of ghosts, for the rapid rate of hemolysis observed in the early periods. Desorption of rickettsiae from the ghost-rickettsiae complex as a function of time was considered as a possible explanation. However, the similarity of the PHA and standard assays (there are no ghost-rickettsia complexes in the former) makes this hypothesis untenable.
Effect of fluoride. Fluoride, in the intact erythrocyte-rickettsia system, inhibits hemolysis but not adsorption (9) . Since fluoride was known to inhibit glycolysis in the erythrocyte and had no demonstrable effect on rickettsiae, the target was assumed to be the erythrocyte. If' this is the case, then fluoride should not interfere with the adsorption to ghosts. Fluoride at concentrations sufficient to give a 99% inhibition of hemolysis had no effect on the ability of' rickettsiae to adsorb to ghosts ( Table 3 ). The experiment was performed using the standard assay except that after the incubation of ghosts plus rickettsiae at the indicated concentration of fluoride, the suspension was added to a large volume of erythrocytes. This lowered the fluoride concentration in the presence of erythrocytes so that hemolysis could proceed without inhibition.
Nonlytic adsorption of rickettsiae to ghosts. The inhibition of lysis, but not adsorption, effected by fluoride suggested that the metabolism of the erythrocyte is necessary for lysis (9) . Thus, one would predict that the attachment of' a rickettsia to a ghost should not lead to lysis of the ghost. To test this hypothesis, rickettsiae were adsorbed to ghosts which were loaded with fluorescent albumin (FITC-BSA). The adsorptive capacity of these loaded ghosts is essentially the same as those which had not been loaded (Table 4) . Absorption was tested by incubating rickettsiae (80%) with ghosts (50%). To test the ability of rickettsiae to lyse ghosts, a large excess of rickettsiae, 800%, was used, so that as many ghosts as possible would have rickettsiae adsorbed. At the times indicated in Table 4 , a portion of the suspension was centrifuged and the fluorescence of the supernatant fluid was determined. At the conclusion of the time course the suspension was lysed with Triton X-100 and centrifuged, and the fluorescence of the supernatant fluid was determined to yield a value for total lysis. As can be seen in the two experiments shown in Table 4 , rickettsiae do not lyse ghosts. No correlation between adsorption and lysis is evident; the percentage of the total FITC-BSA in the supematant is independent of the presence of rickettsiae, the temperature of incubation, and the time of incubation. The background values obtained are high, but additional washes of the loaded ghosts did not lower these values.
Adsorption of rickettsiae to vesicles of normal and reversed orientation. Vesicles can be prepared from ghosts by endo-and exocytosis which have reversed and normal sidedness, respectively (6) . In those vesicles with reversed orientation, the inside of the plasma membrane of the erythrocyte is now exposed to the medium. We have used these preparations to test whether the receptor for rickettsiae on the sheep erythrocyte is accessible from both sides of the membrane. The vesicle with the normal orientation could be expected to adsorb rickettsiae unless the process of vesiculation blocked or destroyed the receptor. On the other hand, these vesicles with reversed orientation would adsorb only if the receptor were present on, or accessible to, both surfaces. The results of these studies are shown in Table 5 . The success of the method for preparing ghost vesicles of known orientation was assessed by the release of sialic acid after enzymatic hydrolysis by sialidase. In the absence of the detergent Triton X-100, only those vesicles with the normal orientation would yield sialic acid since the glycoprotein containing sialic acid is located on the outer surface of the membrane. In the presence of detergent the membrane permeability barrier is destroyed and sialic acid residues can be cleaved from the glycoprotein regardless of the orientation of the vesicle. The accessibility ratio, that is. sialic acid released in absence of Triton X-100 divided by that in the presence of Triton X-100, is an index of orientation (sidedness). Those vesicles with reversed orientation had a ratio of 0.3 (Table 5) . Thus, at least 70% of the latter have the inner membrane surface outside. The remaining 30% could either be vesicles with normal orientation or leaky vesicles in which there is no permeability barrier to the action of sialidase. Both types of vesicles displayed equal receptor activity for rickettsiae. demonstrating that the receptor is accessible on both sides of the plasma membrane (Table 5) . DISCUSSION Studies on the adsorption of typhus rickettsiae to sheep erythrocytes suggest a process of at least two steps in which adsorption and lysis can be separated on the basis of their different metabolic requirements (8, 9, 11) . Both processes require energy input on the part of the rickettsiae but only lysis, not adsorption, requires metabolically active erythrocytes. Fluoride, which appears to act solely on the erythrocyte, inhibits lysis but not adsorption. The experiments with sheep erythrocyte ghosts confirm this hypothesis. Ghosts, devoid of cytoplasmic enzymes, are capable of adsorbing rickettsiae. Fluoride has no effect on this adsorption. The adsorption of rickettsiae to the ghost membrane does not result in lysis of the ghost as evidenced by the retention of intracellular fluorescent albumin. Thus, in terms of the differentiation of adsorption and lysis, the ghosts are acting as energy-poisoned erythrocytes. Differences in the adsorption to ghosts and erythrocytes are apparent. The ghosts are less efficient as receptors for the attachment of rickettsiae than are the erythrocytes. For example, when rickettsiae are added to a mixture of erythrocytes and ghosts, they attach preferentially to the erythrocytes and hemolysis proceeds normally as if the ghosts were absent. This is predicted from an examination of the kinetics of adsorption. The erythrocytes can adsorb the rickettsiae in about 4 min, whereas the adsorption to ghosts continues for more than 30 min. Furthermore, complete adsorption is never seen even with a large excess of ghosts, whereas it is easily demonstrated with intact erythrocytes. The properties of adsorption may well be modified by the microenvironment of the receptor and hence will change upon further purification.
The rickettsiae remaining unadsorbed after incubation with ghosts display kinetics of adsorption to intact erythrocytes differing from the original rickettsiae. The original rickettsiae show a hyperbolic curve of adsorption to erythrocytes with a rapid rise in the first 30 min followed by a slower phase extending for several hours (8) . After incubation with ghosts the unadsorbed rickettsiae showed only the slower phase. We have interpreted this as evidence that because of the poorer affinity of the ghost receptor only the most active rickettsiae are able to adsorb to ghosts.
Experiments reported here give some indications of the nature of the rickettsia receptor on the sheep erythrocyte membrane. The processes of hypotonic lysis and vesiculation leave the receptor intact. The receptor is reasonably stable in that ghosts frozen or stored at 4 C retain their activity for at least 1 week (data not shown). Vesicles with reversed orientation formed by endocytosis still have the ability to adsorb rickettsiae, indicating that the receptor is not a specialized molecule localized solely on the outer aspect of the cell membrane. Indeed, whatever the molecular nature of the receptor, one would expect it to be a common substance present in most all cells since the host range is so extensive. This assumes that, as hypothesized, the adsorption step in hemolysis is related to the adsorption step in the penetration of a host cell.
The experiments reported here show no evidence for a readily reversible adsorption. The same data can be obtained with the standard assay, where a desorption from the ghost to the erythrocyte could occur, as with the PHA assay, where the ghost-rickettsia complex is removed and desorption is not possible. Similarly in the erythrocyte system, if rickettsiae could desorb after hemolysis and reinitiate another round of hemolysis, the plateau of hemolysis that occurs would not be seen. However, these assays (and indeed the intact erythrocyte assay), since they are dependent on the measurement of hemolytic activity and not numbers of rickettsiae, cannot indicate desorption of inactive (i.e., nonhemolytic) rickettsiae. We may anticipate difficulties in application of this assay to nonerythrocyte systems if desorption were to occur in these cases. However, the measurement of unadsorbed rickettsiae in a supernatant fluid after sedimentation of the rickettsiae-cell complex should still be valid. An assay of rickettsiae per se rather than hemolytic activity would be most useful in the resolution of these questions. Experiments are in progress to develop an adsorption assay using radioactively labeled rickettsiae. 
